Conjugating binary systems for spacecraft thermal control. Appendix C: Aeroassist Flight Experiment Carrier Vehicle preliminary stress analysis by Ingram, J. E. & Murray, T. O.
LMSC-HEC TR F226066 
CONJUGATING BINARY SYSTEMS 
FOR SPACECRAFT THERMAL CONTROL 
- FINAL REPORT 
Appendix C 
Aeroassist Flight Experiment Carrier Vehicle 




NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
MARSHALL SPACE FLIGHT CENTER, AL 35812 
J.E. lngram 
T.O. Murray 
r)lzcssiiAes & w y ,  fm.
~~ 
Huntsville Engineerrng Center 
( &AS A -cE- 18 36 C 9 ) CCS J U GAT 1 E E I I A fi P S Y STEMS 
ECR SPACECRAET I t E B r I A L  C C N l l b C I -  A E F E B D I X  C: 
E E E O A E S I E I  P L l G t T  E X P E B I H E A ' I  C A E E I E R  VEHICLE 
E 6 E L I E J U A f Y  S ' I R U S  A N A L Y S I S  € h a 1  Report Unclas  





AFE CARRIER VEHICLE 
STRESS ANALYSIS 




.. MARGIN OF SAFETY SUMMARY 11 
1 .o INTRODUCTION 1 .o 
2 .o STRUCTURAL DESCRIPTION 2.0 
3 .O MECHANICAL PROPERTIES 3 .O 
4 .O NASTRAN MODEL 
4.1 Model Description 




5 .o STRESS ANALYSIS 
5 .1  Aerobrake Attach Fitting 5.1.1 
5.2 Solid Rocket Motor (SRM) Attach Brackets 5.2.1 
5.3 Thruster Support Beam 5.3.1 
5.4 Trunnion Back-up Structure 5.4.1 
5.5 Upper and Lower (Isogrid) Panels 5.5.1 
5.6 Center Cylinder Top and Bottom Rings 5.6.1 
5.7 Isogrid Panel Splices 5.7.1 
APPENDIX A - CARRIER VEHICLE NASTRAN MODEL 
BULK DATA ECHO A.1 




















AFE CARRIER VEHICLE 
STRESS ANALYSIS 
MARGIN OF SAFETY SUMMARY 
.. 
I 1  
sTRucruRALcoMPoNENT MARGIN OF FAILURE PAGE 
SAFETY MODE NO. 
AEROBRAKE ATI'ACH FITI'INGS 
CV FITTING 
CV FI'ITING - LUG 
CV FITTING ATTACH BOLTS 
CV FITTING - FLANGES 
ATTACH PIN 
ATTACH FASTENERS - 
AEROBRAKE SIDE 
SRM ATTACH BRACKETS 
UPPER BRACKET - 
FLANGES 
LOWER BRACKET - 
TOP PLATE 




THRUSTER SUPPORT BEAMS 
TRUNNION FITTING BACK UP 
STRUCruRE 









































SHEAR BUCKLING 5.2.20 





I -  
I 
AFU CAKHIER VEIIICLE 
STRESS ANALYSIS 
... 
I l l  
MARGIN OF SAFETY SUMMARY (CONT'D) 
STRUCTURAL COMPONENT MARGIN OF FAILURE PAGE 
SAFETY MODE NO. 
UPPER AND LOWER ISOGRID 
PANELS IN SECTION5.5) 
(SEE SUMMARY TABLE FOR ISOGRID BARS 
CYLINDER RINGS 
TOP RING ANGLE 
BOTTOM RING ANGLE 
ISOGRID PANEL SPLICES 
.48 (U) BENDING 5.6.7 
.15 (U) BENDING 5.6.9 
(SEE SUMMARY TABLE IN SECTION 5.7) 
AFE CARRIER VEHICLE 
STRESS ANALYSIS 
1 .o INTRODUCTION 
This report presents the assessment of the static strength of the 
Aeroassist Flight Experiment (AFE) Carrier Vehicle structure. The 
Carrier Vehicle is the structural component which provides the 
mounting platform for the experiments, on-board computers, 
batteries and other "black boxes". In addition, the Solid Rocket Motor 
(SRM), the Thrusters, and the Aerobrake are all attached directly to 
the Carrier Vehicle. 
The basic approach used in this analysis was to develop a NASTRAN 
Finite Element Model as a parallel effort to the preliminary design, 
and to use the internal loads from this model to perform the stress 
analysis. The loads on the Carrier Vehicle stem from several sources, 
principally, g forces on the components mounted to the Carrier 
Vehicle while the AFE is still supported in the Shuttle Payload Bay. 
The greatest load factors are due to Liftoff and Landing Abort 
conditions, during which the AFE is supported at the SRM. Because 
the design loads are given in terms of accelerations at the AFE CG, 
and because no aerodynamic loads are present on the aerobrake 
(during these conditions), it has been convenient to use a method of 
analysis in NASTRAN known as Inertial Relief. This method involves 
either specifying a set of CG accelerations or applying forces at the CG 
and representing the Carrier Vehicle and all of its mounted devices 
with the proper stiffness and mass properties. The masses will 
produce forces at their attach points in proportion to the 
accelerations of the total system. This procedure obviously depends 
upon an accurate representation of the mass properties of the entire 
AFE. A major advantage to this technique is that once the mass 
properties have been satisfactorily modeled, they remain the same 
for each load condition. New loads may be run on the model by 
simply applying forces to the CG rather than deriving a new set of 
forces for all of the separate components. 
The regular landing condition is also an inertial relief solution 
because it, like liftoff and landing abort, has no aerodynamic loading. 
However it differs from the previous conditions in  that the supports 
which react the forces 
rather than at the SRM 
The mass properties of 
structural mass for the 
8 due to acceleration are at the Trunnion points Support Ring. 
the total AFE model were developed by using 
Carrier Vehicle elements; Le., NASTRAN will 
use the element section properties and the density specified on the 
MAT (material data) card to calculate the total mass and inertia of 
the structure. The non-Carrier Vehicle masses (mounted 
components, SRM, Aerobrake) were represented in the model as 
concentrated masses located at the component CG. The NASTRAN 
bulk data for the AFE model is included as Appendix A for 
reference. 
In conducting the strength evaluation of the Carrier Vehicle using the 
output from the NASTRAN model, it became necessary to develop a 
post processing computer program to read the output isogrid bar 
forces and calculate margins of safety. The summary of isogrid 
margins of safety printed by this program are included in section 5.5 
of this report. The listing of this FORTRAN program "ISOGRD" is also 
given as Appendix B. 
AFE CARRIER VEHICLE 
STRESS ANALYSIS 
2.0 
2 .o STRUCTURAL DESCRIPTION 
The Carrier Vehicle is currently designed as an all aluminum (2219- 
T87) bolted structure. The upper and lower panels are isogrid 
construction featuring a simple rectangular cross-section .07" x SO" 
for each individual isogrid bar. While the Carrier Vehicle is basically 
hexagonal in  planform, and the panels in each bay are shaped the 
same, most of the panels have some feature that makes it unique. 
Each unique panel is given in Figures 2.5 through 2.12 which follow. 
The center cylinder, the avionics panels and the radial beams are all 
solid sections. 
The panels and cylinder are attached using tee and angle sections as 
splicing members. These sections are shown along with the radial 
Beam details in Figures 2.13 and 2.14. 
Figures 2.15 through 2.18 show the several fittings that provide the 
load path from the SRM to the Carrier Vehicle and from the 
Aerobrake to the Carrier Vehicle. These parts with the exception of 
the connecting pins/bolts are also 2219-T87 aluminum. 
hrm - _  
LOCKHEED MISSILES & SPACE COMPANY, INC.  I .  I h)G&bM I 6-3-08 
:hecked by: I Date Tltlr Model 
RMS 
Qravple 
Carrler Vehlcle Fixture 
P LArtro Latch Trunnlonr 
STAR ~ F D  SRMJ 
FIGURE 2, I AEROASSIST FLIGHT EXPERIMENT 
REFERENCE CONFIGURATION 















page '-mo Pmm -r- -- 
__ - - __ - - 
1OiJAled  b y  Date 
? , 6  
LOCKHEED MISSILES & SPACE COMPANY,  INC. 
(Date Model he-ked by 
AF& -- - . ___ _ _  










_ _  
r l l ~ J m l ~ l l  Iry 
LOCKHEED MISSILES & SPACE COMPANY, INC.  












'repared by Date 
Ih)GuA+ 1 - -  G - $ - 0 9 -  - _ _  
,tiw kiii l  hy [Date 
2.0 
LOCKHEED MISSILES & SPACE COMPANY, INC.  















r m  
Report No. 
C E N T E R  









ORIGINAL PAGE IS 
OF POOR QUALtTY 
__  - - __ -. __ ___- -. 
Prepared by 
Checked by Dale Title 
LOCKHEED MISSILES & SPACE COMPANY, INC. __ IWGW /Date 6-7-7% 
. - - - __ ___- AFE- C A Q ~ I E R  VEC\UE 








0 0  
I .-_- I .. ... .. . . - I 
, . .  
Y 
ORlClNAL PAGE IS 
OF POOR QUALITY 
Y- 
1 -  I 
lORlGlNAL PAGE IS 
' I  POOR QUALtTY 
0 
rn 
. . . . . . .  ; $  ; $  . . . . . . . . .  .  
. ' .  " ' .  . '  
' -  : a  : : :  : :  : :  : n  /19 +A<( : 9  .t . . . . . . . .  . . . . . . .  . . . . . . .  . .  1; ; . .  
: $  . . . . .  : :  :* 
: 3  ; f i  : : :  : :  . . . .  
13 ; : : :  ; .  . .  : e  
. . . . . . .  . .  . . . . .  " . $ai"  * t <  . . . . . . . .  
. . . .  . . . . . . . . .  
4 . . . . . . .  
. . . .  . .  . .  ig : ; : . 
f %  is : : :  : . .  . . . .  . .  :a . .  . . . .  . . . .  . . . .  i3 ! $  : : :  : . . .  . . . .  . .  1iIi: ! s  : ~ ~ . . . :e 
. . . .  . . . . . . . . . . . . .  . . .  . . .  . . .  . . .  . . .  
. .  . .  . .   . .  . .  . .  . .  . .  . .  . .  . . . . . . . . . . . . . . . . . . .  . . .. . . . .  . . . . . . . . . . . . . . . . . . .  . . . . .  
. . . . .  . . . . . . . . . . . . . . . . . .  . - .  . . . . . . . . . . . . . . . . . .  
. . . . . . . .  








ORIGINAL PAGE IS 






ORIGINAL PAGE IS 







I -  
70 
60 
L' -...-A,&. --e& .... 1 
30 
. . . . . .  . . . . . . .  . . . . . . . . .  . . . . . . . .  
20 
......... 
. .  




. - .--- - - ....... -.. . . . . . . . . .  
. . . . . . .  . . . . . . . .  . . . .  I-. .......... . . . . . . . . .  
. .  - - -  . . . . . .  .-- ..... -... ...... ..- .. 
- . --  -. 
, - -- 
I 
I 
, o  0.02 0.04 0.06 0.08 0.K) 0.12 
Strain, in./ in. 
FIGURE 3. 3 Typical tensile stress-strain curves d/ull range) for 2219- Tzp7 aluminum alloy 
sheer and plate at room temperature. 




















4.1  MODEL DESCRIPTION 
'The NASTRAN model of the Carrier Vehicle is a full 360 degree 
model of all six bays of the vehicle. This was done in spite of the 
cyclic symmetry of the structure in order to simplify the location of 
the  (mounted component) masses and to allow for the eventual 
inclusion of those structural components that are not symmetric. 
This model presently includes nearly 2500 nodes and 7500 elements. 
During the beginning of the model development, not only the upper 
and lower panels, but all panels except the cylinder were considered 
as isogrid construction. For this reason the majority of the panels are 
modeled using a triangular pattern for the grid points. At  the 
present time the avionics panels and the radial beams are solid 
sections and are consequently represented by triangular plate 
(CTRIA) elements. The upper panel is still an open isogrid 
construction and is made up of bar elements to simulate each 
individual isogrid bar. The lower panel is isogrid construction like 
the upper panel but with the addition of a .016" thick aluminum 
panel. This construction is represented by both individual isogrid 
CBAR elements and CTRIA elements for the thin sheet. The center 
cylinder is a solid .125" aluminum sheet and is modeled with CQUAD 
plate elements. The panel splice tee and angle sections and the 
upper and lower ring angle sections are simulated in the model with 
CBAR elements. 
The SRM is represented in the model by a concentrated mass and 
inertia (CONM2) located at the point in AFE coordinates specified by 
the mass properties group. It is connected through rigid (CRIGD) 
elements to set of plate elements which simulate the mounting ring. 
The Carrier Vehicle is attached to this ring through a system of 
brackets, separation bolts and flexures modeled by plate and bar 
elements. These SRM Support Brackets are located at three equally 
spaced points around the Support Ring. Sketches of these Brackets 
are included in the Structural Description section of this report and 
the NASTRAN details rzpresenting the same structure are given in 
the model plots which follow. 








The Aerobrake is presently modeled in a similar method to the SRM. 
The values from the mass properties table are assigned to a gridpoint 
at the correct location, and this point is then attached to the Carrier 
Vehicle at four points. The Aerobrake attach fittings are modeled in 
enough detail that the fitting flange stresses, attach bolt loads, and 
connecting pin loads may be obtained from the output. 
There are basically two structural configurations modeled at the 
present time. The liftoff/landing abort model includes the mass and 
connecting structure associated with the attached SRM. The loads 
from the Carrier Vehicle & Aerobrake are reacted back into the SRM 
structure for these conditions as the system is still supported in the 
payload bay at the support ring. The second model arrangement 
represents the regular landing configuration in which the AFE has 
jettisoned the SRM, has been recovered by the Shuttle, and is 
supported (in the payload bay again) on the three Trunnion fittings. 
For this configuration the SRM mass and connecting elements have 
been deleted and the CG node (loading point) has been consequently 
relocated. 
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4.2 LOAD CONDITIONS 
There are presently five load conditions which have been run on these 
models. Three (Liftoff, Landing Abort, and Regular Landing) are high-g cases 
which produce internal loads in the Carrier Vehicle from the accelerations of 
the mounted components and mass of the structure. These three conditions 
were selected from the ten conditions given in Table 4.2.1 - AFE PRELIMINARY 
DESIGN LOAD FACTORS (presented below) as the critical cases which envelope 
all others. The other two conditions are the application of the Thruster forces 
when the AFE is in flight. One of these is with the SRM still attached and one 
with the SRM already jettisoned. The assumption made with each of these two 
conditions is that all Thrusters are acting at once and that the Thrusters are 
the only forces active during that instant. The purpose in applying these 
Thruster conditions was to evaluate the local structure in the near vicinity of 
each of the Thruster groups. The Thruster forces are of such low magnitude 
that no significant stresses result in the Carrier Vehicle other than at the local 
backup structure. 
TABLE 4.2.1 AFE PRELIMINARY DESIGN LOAD FACTORS 
I I Angular Accelfration, 
I Load Factor, g I rad/roc 
.. Flight Condition I 
I Nx I NY Nt I O X  ii 0; 
ti f t-Of f 
Ascent 
Doscent 
I I I I I I 
I I I I I I 
I I I I I I 
( 9 . 6  fpr) I I I -1.7 I I I 
I 
+9.4 I 26.3 I I +8.3 I - I +1.3 I +3.9 I - I +1.6 I - I 
I I I I -1.1 I Landing Abort I ,  (6.0 fps) I 
I I I I 
+1.50 I + 4 . 5  I I I 
I I 
emergency Landing1 +4 .5  I - 
(ultfnato Load) I -1 .5 I I -2.0 I I I 
I I I I I I 
PRCS I -.009 I 1 -.029 I I -.015 I 
I I I I I I 
1 I I I I I 
4s- Burn I TBD I TBD I TBD I TBD I TBD I TBD 
4Aetoparr I TBD I TBD I TBD I TBD I TBD I TBD 
+1.5 I +6.2 I 210 .0  I 215.1 I 210.0 +2.S I - Landing N o r m 1  I - 
On-Orbi t I +.017 I 2.009 I +.039 I +e019 I +e023 I 2.013 
ons Oporation I -.273 I +.0046l 0.089 I +.01041 +.00511 +.0045 
Notes: l o r  rubr8quont stress a n a l y r i r f T i € Z ? Z a ~ , - t h .  
- 
rignr of tho table should be tov8trod. 
.- 
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4 .2  LOAD CONDITIONS (CONT'D) 
The method of solution as discussed previously, involves using an inertial 
relief solution in NASTRAN that depends on an accurate representation in the 
model of the vehicle mass and inertia properties. The structural mass for the 
Carrier Vehicle panels, splice section bars and cylinder were calculated from 
an input density and the crossectional areas specified on the property cards. 
The non-structural mass for the mounted equipment, the SRM, and the 
aerobrake were assigned via CONM2 cards at the location given in the mass 
properties table. The NASTRAN program calculates and provides a summary of 
the total model mass and moment of inertia when the program executes. As 
can be seen in the following table, the agreement between the model and the 
original mass property estimates is very close. 
TABLE 4.2.2 MASS PROPERTIES SU MMARY TA BLE 
AFE WITH SRM 
WT DOCUMENT NASTRAN MODEL % DIFFERENCE 
MASS (Ib) 12540.4 12534.3 0.05 
INERTIAS (slug-ft * ) 
I x x  2525.6 2540.6 -0 .59  
l Y  Y 1911.6 1921.3 -0.51 
I22 1798.1 1826.2 -1 .56  
AFE W/O SRM 
WT DOCUMENT NASTRAN MODEL Yo DIFFERENCE 
MASS (Ib) 3567.4 3585.2 -0 .50  
INERTIAS (slug-ft ) 
I x x  1726.4 1742.9 -0.96 
I 2 2  980.8 101 0.7 -3.05 
l Y  Y 11 06.2 11 05.5 0.06 
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11 Ingram 6-8-88 AFE CARRIERVEHICE STRESS ANALYSIS 
5 . 5  UPPER AND LOWER ISOGRID PANELS 
Each isogrid bar in the upper and lower panels is represented by a 
CBAR element and thus is able to produce individual bar forces 
(axial, shear, moment and torque) for subsequent stress analysis. 
During the course of evaluating several hundred isogrid bars per 
panel for twelve panels and five load conditions and repeating the 
process for each design/model update, the need for a way to post 
process the NASTRAN output for the analysis of the isogrid bars has 
become apparent. 
A FORTRAN program has been written and is now in use which reads 
the NASTRAN ouput and searches for the isogrid bars, identifying 
them by their property ID. The program then distinguishes between 
upper and lower panel elements and uses pre-determined allowables 
to calculate and print the isogrid bar margins of safety. The 
following pages include the calculation of the allowables that are 
currently being used in this program. The upper panel allowables 
are based simply on the bar critical (instability) axial and bending 
loads. The buckling load for these bar elements is based upon an end 
fixity factor of 2.0 as recommended by the McDonnel-Douglas Isogrid 
Design Handbook. The lower panel isogrid allowables are based on 
using the buckling load of the thin triangular panel (determined by 
NACA 3781) and treating the bar in the same way as an integral 
stiffener. The output from this '' ISOGRD" program is included in this 
section following the calculation of allowables. 
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Figure 34 .  - Buckling coefficients for isosceles triangular plates. 
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